Introduction
Hot mixed asphaltic concrete is extensively used as the surface course of flexible pavements worldwide.
Asphaltic concrete is a very sensitive composite material that a small variation of its components can affect its behaviour. Under traffic loading and environmental effects, different types of distresses can occur in an asphaltic pavement, and resistance of an asphaltic pavement to these distresses significantly depends on the quality and proportions of the constituents. Aggregate and bitumen are the two main components of asphaltic mixtures. Poor quality of each of these materials may lead to the occurrence of premature distresses in asphaltic pavement.
Aggregates constitute between 80% and 90% of the total volume of asphaltic concrete and play a key role in the stiffness and bearing capacity of the mixture. In terms of size, aggregates are usually divided into two different classes of coarse and fine. The specification is also divided into two parts: consensus aggregate properties and source aggregate properties. Consensus aggregate properties consists of angularity, flat and elongated particles and clay content and source aggregate properties consists of abrasion, soundness and deleterious materials (Prowell, Zhang, and Brown 2005) .
Although a number of researchers have investigated the effects of aggregate characteristics on asphaltic mixtures behaviour, this issue needs more investigations.
One of the main properties of asphaltic mixtures is the creep behaviour, which is directly related to the permanent deformation and rutting of asphaltic pavements. Creep of asphaltic mixtures is dominated by characteristics of their constituents, namely aggregate and bitumen.
In this research, the effects of flaky particles content on some engineering properties of typical asphaltic concrete are investigated.
Literature Review
Aggregates of asphaltic mixtures are usually produced by crushing rocks. Different shapes of aggregates are produced during the process of crushing. Aggregate particles can be defined in terms of three independent shape properties: shape (or form), angularity, and surface texture as shown in Figure 1 (Barrett 1980 Flaky particles are those which one of whose dimensions is much smaller than the others.
According to BS 812 Part 105.1 aggregate particles are considered as flaky when they have a thickness less than 0.6 of their mean sieve size. The mean sieve size is the average opening size of two successive sieves that particle passes through one and remains on the other. Also, according to ASTM D4791, flaky particles are those with a ratio of width to thickness greater than a specific value.
Presence of flaky particles in asphaltic mixtures is not desirable and may inversely affect the performance of mixture. Thus, specifications have set limitations on the amount of such particles in the asphaltic mixtures.
Superpave specification limits the amount of flaky and elongated particles to 10 % for the highway with traffic volume more than 1 million equivalent standard axle load (ESALs) in the designed period of time (Cominsky 1994 ).
Flaky particles prevent the mixture to compact sufficiently (Roberts, Kandhal, Lee and Kennedy 1991) , leading to the increase of air voids in mineral aggregates (VMA) (Brown, McRae, and Crawley 1989; Vavrik, Fries and Carpenter 1999) . They are also vulnerable to the crushing during the compaction process and expose uncoated aggregate surfaces (Prowell, Zhang, and Brown 2005) . Some researchers have investigated the effect of flaky particles on aggregate breakdown during the compaction process. Brown et al. have performed grading tests on aggregates recovered from an asphaltic mixture that had been compacted with Marshall Apparatus using 50 blows on each side. They found that flaky particles may breakdown significantly during the compaction (Brown, McRae, and Crawley 1989) . Vavrik et al. have investigated the fracture of flaky particles during compaction with gyratory apparatus. They used three different types of aggregate: nearly cubical particles with the ratio of width to thickness of less than 3, particles with a ratio of width to thickness between 3 and 5 and particles with a ratio of width to thickness more than 5. Their results showed significant changes in the grading of flaky aggregates after compaction (Vavrik, Fries and Carpenter 1999) .
Due to their shape, flaky particles are unstable against the applied loads ( Figure 2 ) and tend to produce mixtures with directionally oriented material properties (Tutumluer, Pan, and Carpenter 2005 and also mixtures containing all cubical particles showed greater stability than mixtures containing all blade, rod, and disk shape aggregate (Ganapati and Adiseshu 2013) .
The shape of aggregate is evaluated using simple equipment as each particle is evaluated separately. These methods are time consuming and all of aggregate shape characteristics couldn't be evaluated. New methods using processing and analyzing digital scans that provide rapid and accurate methods of shape factors determination are now available (Yue, Bekking and Morin 1995; Tutumluer, Pan and Carpenter 2005; BessaBranco and Soares 2012) .
Materials
Crushed limestone coarse, fine and filler from Namin quarry have been used for fabrication of the specimens. Table 1 shows the properties of the aggregate used in this research. Specimens were prepared according to D4
and D5 gradations of ASTM-D3515 standard with maximum nominal size of 19 and 12.5 mm, respectively, which are common gradations for binder and wearing course in Iran. Aggregates are mixed so the gradations of mixtures locate within the middle of the standard limits. Figure 3 shows the gradations of the mixtures used in this research.
The 85/100 penetration grade bitumen, produced by Pasargad oil company (Tabriz refinery), has been used for making the specimens. Table 2 shows the properties of the bitumen.
Experimental Plan
Prior to fabrication of the specimens, the flaky particles of the coarse fraction of aggregate were separated following BS 812 Part105 test method. Then specified amounts of flaky particles were added to each mixture to achieve mixtures containing 0, 25, 50, 75 and 100 % of flaky particles content. Marshall specimens were prepared at the laboratory using 75 blows on each side at the optimum bitumen content. Optimum bitumen content was 4.1 % for D4 gradation mixture and 4.9 % for D5 gradation mixture. Volumetric properties of fabricated specimens such as air voids content and VMA were calculated. Stability of the specimens was determined using Marshal Apparatus. Uniaxial static creep test was carried out on each specimen following the BS 598 part 111 test method. Creep is time dependent deformation of material under the stress. Through the static creep test, a specified static, vertical stress is applied to the specimen and continued for a specific period during which the vertical strain is measured. The creep stiffness of the mixture is calculated using the following equation: 
In which, R d is the estimated rut depth in mm, C m is the coefficient for considering the dynamic effects of loading ranging from 1 to 2, H 0 is the thickness of asphaltic layer in mm, σ av is the average stress level applied on pavement in MPa, and S m is the creep stiffness modulus of the asphaltic mixture in MPa.
The specimens were loaded for 1 hour by a vertical stress level of 98 kPa, and the vertical deformation of each specimen was monitored at specified intervals. After one hour of loading, the load was removed and the recoverable deformation was monitored for 1 hour. The tests were conducted at 45°C that was close to the bitumen softening point. In this temperature, because of softening the bitumen, the role of aggregate characteristics on creep behavior is dominant, which makes it easier to study the effects of aggregate properties on the creep.
Results and Discussion
A summary of the test results are shown in Table 3 . Figures 4 and 5 show the variation of air voids content and VMA with flaky particles content. As they show, for both gradations, the air voids content and VMA increase due to increase in the flaky particles content, indicating that using cubical aggregate in the mixture results in a denser mixture. This is attributed to the difficulty of compaction and the decrease in workability due to increasing the flaky particles. However, the air voids content and VMA of the D5 gradation mixture is more sensitive to the flaky particles content. The D5 gradation is finer than the D4 gradation, which results in more number of flaky particles at the same percentage of flaky particles content. Existence of more flaky particles will intensify their effect on the reduction of workability and increase of air voids content. Mixtures with high amount of air voids tend to further compaction under applied traffic loads and are more likely to the occurrence of rutting. where the accumulated strain during the period of loading and after removing the load is plotted against time.
Similar to the creep recovery behaviour of elasto-visco-plastic materials, there is an instant deformation after applying the load, after which, the strain increases at a decreasing rate, reaching to a steady state rate of deformation. Once the load is removed, there is an instant recovered strain followed by some time dependent recovered strain, which is level off after a certain time elapsed from the instant of removing the load. The difference between the instant strain after applying the load and that of recovered after removing the load is known as time independent plastic strain. The time independent plastic strain occurs, generally, as a result of aggregate particles displacement upon applying the load, which is affected by the aggregate gradation, particles surface texture, angularity and shape, and air voids content. The summation of time dependent and time independent plastic strain results in rutting. The difference between the time dependent accumulated strain during the loading period and the time dependent recovered strain after removing the load is known as time dependent plastic or visco-plastic strain. The time dependent visco-plastic strain occurs, generally, due to the shear deformation of asphaltic binder, which is mainly affected by binder properties, temperature and loading time.
However, the physical properties of aggregate and the volumetric properties of the mixture are also effective. As it can be seen, for both gradations, the accumulated strain during the time of loading and after removing the load increases due to increasing the flaky particles content. However, the difference between the mixtures is mostly due to the difference between the strains occurred immediately after applying the load, in which the densification due to the higher air voids content has the major contribution. After the initial densification, the rate of deformation of the mixtures containing different amounts of flaky particles is not significantly different. This can D r a f t 9 be described by relating the shear deformation of the mixture to that occurred in the binder, which is not significantly affected by the shape of aggregate particles. It can also be seen that the D4 gradation mixtures are stiffer than those with the gradation of D5, which was also seen in the Marshall Stability results. In general, asphaltic mixtures with coarser aggregate particles are more resistant against deformation.
The effect of flaky particles on accumulated vertical strain after 1 hour loading is shown in Figure 9 . It can be recognized that the accumulated vertical strains are greater for the mixtures with higher amount of flaky particles, and the accumulated vertical strain of the mixtures containing more than 25 % of flaky particles, is significantly higher than those without any flaky particles. The results in Figure 9 also show that the accumulated vertical strain of the mixtures made by finer gradation of D5 is more sensitive to the flaky particles content than that of the mixtures with gradation type D4 which is coarser.
The accumulated vertical strain of D4 and D5 gradation mixtures containing 100% of flaky particles are respectively 107 and 80 % higher than the control mixture, which is due to both the increased air voids content and unstable positioning of the flaky particles.
After unloading, a fraction of the accumulated strain will recover and the rest that is unrecoverable will be considered as permanent strain. Figure 10 shows the ratio of recoverable vertical strain to the accumulated vertical strain for each mixture. As it can be seen, the ratio is higher for the mixtures containing no flaky particle than the mixtures containing higher amounts of flaky particles, indicating that the mixtures with higher flaky particles content are more vulnerable to permanent deformation. This can be attributed to the increase in air voids content resulted from the flaky particles and decreasing the contact between the particles by separation with the extra binder in between, leading to a higher shear deformation which is mostly unrecoverable after removing the load.
Creep stiffness modulus as defined in Equation (1) 
Conclusions
In this research, in order to investigate the effects of flaky particles content on the Marshall stability, creep behavior and volumetric properties of asphaltic mixtures, specimens with various flaky particles content and two different gradation type (D4 and D5 gradations of ASTM-D3515 standard) were made. Creep behavior of the mixtures was examined using uniaxial static creep test following BS 598 Part 111 test method. Also volumetric properties and Marshall Stability of the specimens were determined. The following conclusions can be drawn from this paper:
• Increase in flaky particles content causes increasing volume of air voids in mineral aggregate (VMA) and air voids content of the mixtures.
• Flaky particles cause decrease in Marshall stability, creep stiffness modulus and recoverable strain and increase permanent deformation potential.
• Mixtures with finer nominal maximum size of aggregate are more sensitive to flaky particles.
• Most of the flaky particles tend to stay horizontally due to compaction. Particles arrangement for D5 gradation mixtures (a) mixture containing no flaky particle (b) mixture containing 100 % flaky particles 182x60mm (300 x 300 DPI)
